Water confined between two graphene layers with a small separation forms a two-dimensional ice structure,with an apparent square symmetry [Algara-Siller et al., Nature (London) 519, 443 (2015)], which is poorly understood. A density functional approach is applied to the water, but not to the water graphene interactions, since the two crystals are incommensurate. We thus need use a potential model for the interaction between water and graphene. We analyze the models for confinement of water by graphene, and find that even though the general features are well established, the detail is not so well understood. Using a representative range of potential models, we perform density-functional calculations and show that many ice-like configurations exist. In some cases these are unstable with respect to decay into a bi-layer structure, but we expect tunneling between such structures to be slow. It is shown that there is one good candidate for a square crystal, which is a peculiar anti-ferroelectric arrangement of water molecules.
One recent example is water confined at the nanoscale, which has been studied extensively theoretically, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] and received a considerable boost following the discovery of a square crystal when water is confined between two layers of graphene. 16 The experiments seem to show a perfect square crystal structure, and indications are that this is not a bilayer structure where one layers is offset relative to the other (so-called AB stacking).
Bilayer structures are also seen in the experiment, and claims are made that this is consistent with AA stacking. 15 The oxygen-oxygen distance is quoted as 2.8Å. In the paper by Algara-Siller et al. 16 a classical molecular dynamics calculation is also reported, that shows some aspects of agreement with the experiment, but seems to indicate a rhombic crystal. Such results should be taken with a grain of salt, since potential models are notoriously unreliable for water. 17 This is one of the reasons why so many potential models exist. [18] [19] [20] [21] [22] [23] [24] One of the problems of all these models is a poor description of the higher electric multipole moments (beyond dipole), which are expected to be important in the behaviour of water. 25 Indeed, the results of the MD simulations 16 show a rhombic ice, where thermal motion needs to be invoked to show a structure that is square on average, which feels slightly artificial, but may be possible.
To avoid the uncertainty of potential models a number of investigations have used density functional theory to describe the interaction of the water molecules, employing simple confining potentials to account for the effect of graphene. Using such an approach one can only study the zero-temperature ground state, which may be a draw-back, unless this structure is energetically well separated from other states. We are aware of one study 26 that looks at a water layer in front of a single layer of graphene using DFT at finite temperature, but none that look at the problem at hand. On the other hand there are a number of fully microscopic calculations of water in front of finite but large flat carbon molecules have been performed. [27] [28] [29] [30] [31] [32] These have been extrapolated to graphene, and probably give a decent estimate of the binding and orientational dependence of the binding of water to graphene. The long-range behavior of all such models is r −6 , showing the fact that the large but finite carbon molecules are all insulators-unlike real graphene, which is a semi-metal. Nevertheless, we shall use these results to build improved models. There are many ways to model the interaction of water with graphene. We shall use a simple surface-integrated Lennard-Jones potential (3-9 potential) which has the correct assymptotics, 33 but a rather arbitrary choice of core repulsion (see below).
One of the other problems that all investigations face is the choice of thermodynamic potential to be optimized when describing confined water-this is a thorny question, and most papers adopt a form of 2D enthalpy linked to the inter-layer separation distance and the in-plane stress (rather than the 3D pressure). There is no obvious reason to look at constant stress; the real situation is much more complicated than in an ideal 2D baryostat, since the vertical stresses must have an influence on the separation of the graphene layers.
We approach the problem in a slightly different way: we report a set of DFT calculation of a model system at a density corresponding exactly to the experimental one (one H 2 O molecule per (2.8Å) 2 ). The picture that underlies this idea is that the graphene response to stresses is rather complex, with layers separating rather suddenly if a pressure/stress threshold is reached. As long as stresses are relatively small, that is probably a reasonable approach to take; when the vertical stress increases, we expect the graphene layers to separate further and accommodate multiple layers. This is actually an example of a well-established mechanism, which is used in the production of intercalated graphite compounds. 34 We will first, in the next section, investigate the nature of the confinement water by graphene and the interaction of water with graphene, including how the interaction depends on the orientation of the water molecule. Then we analyze in some detail, in the next section, DFT calculations and the dependence on the confining potential. In the final section we give look at conclusions and potential further work.
Confinement of water by graphene Water-graphene interaction potential
We first investigate the nature of the confining potential. The interaction of water with graphene has been studied microscopically, using coupled cluster theory, 27, 32 many-body perturbation theory 28, 30 and a DFT/perturbation theory hybrid. 29, 31 These results set a benchmark: a maximal attraction of in the order of 100 − 130 meV per molecule at a distance of about 3.2Å. The detailed data on distance dependence in figure 2 of Voloshina et al. 32 seems to show an attraction that falls as r −6 , which appears inconsistent with the semi-metallic nature of graphene, and probably reflects a limitation of the extrapolation to graphene of a long-range interaction of water with a finite carbon molecule, which unlike graphene is insulating. It also shows, in the region where the calculations must be more reliable, since it is dominated by electronic correlations, a soft repulsive core that is poorly fitted by an inverse power law. Most importantly for the work reported here, the harmonic part of the potential about equilibrium is rather small, and much less than estimated from a van-der-Waals potential (3 − 9) or 6 − 12). The attraction between water and graphene depends on the water orientation and its position relative to the graphene layer, but this is not the case for the equilibrium distance of the molecule relevant to graphene. This can be compared to the finite-temperature DFT (and thus infinite through the use of periodic boundary conditions) calculations in, 26 which suggest that a randomly oriented water slab sitting in front of a single graphene layer feels a potential (lowest curve in their figure 4) that can be fitted by an 1/r 3 long range attractive force, again with a weak repulsive kernel that does not seem to follow a simple power law-definitely not the strong repulsion used in most works on the subject. 1 For our calculation, based on the experiment where the ice crystals are incommensurate with graphene, we can not describe the graphene and water simultaneously in full microscopic detail, 1 Part of this discrepancy may be due to their definition of separation as the distance of the nearest hydrogen atom to the graphene layer, which is inconsistent with the more common definition of the distance from the oxygen molecule or almost equivalently the center-of-mass to the graphene layer. The distance quoted is therefore always smaller than the usual definition of distance, since, as the authors state, the Hydrogen bonds prefer to point towards the graphene layer.
and we need a potential model to describe part of it-as usual we do this for the graphene-water interaction. There are a number of models for the interaction between a material such as graphene and water; some (e.g. 14 ) use the 3 − 9 hydrophobic interaction first proposed by Lee et al.; 35 Chen et al. 36 use a Morse potential fit to a rather scattered set of GFMC data, and modern potential models for water in carbon-nanotubes (see, e.g., [37] [38] [39] [40] [41] ) suggests a fit of the interaction between water and carbon atoms as a combination of C-O and C-H 6 − 12 Lennard-Jones potentials.
Actually we only need a full model of the potential for our discussion of graphene bubbles below, whereas in the rest of the paper it will suffice to look at a harmonic expansion. For the analysis below we mainly use the simplest model, an interaction between the graphene and the oxygen in the water molecule only. In the light of the discussion above, we choose a 3 − 9 potential of the form
where for the water-graphene potential, V wg 39 (z), we use
The strength used here is just a suitable average of the microscopic values, which range from −100
to −135 meV/molecule, but do depend on position and orientation relative to the graphene layer.
The equilibrium position is a similar average, but is not very sensitive to position or orientation. 32 One simple way to include the directionality of the water-graphene interaction is to fit two 3-9 potentials (??) to the microscopic data, a graphene-O and a graphene-H one. For all the reasons discussed above, this has an unreasonably large harmonic behavior and also lacks the dipole-semimetal long-range interaction, 33 but with limited data available this is probably the best we can do.
We fit the results 32 with a form
where θ is the angle of the dipole moment with the normal, assuming that the Hydrogen atoms are always in a plane perpendicular to the graphene layer. We find that the strength parameters are
which reflects the fact that for a single layer the dipole moment points preferentially towards the graphene layer.
Graphene bubbles
Graphene bubbles are rather difficult to model, because there are many different situations we can consider. It seems likely that for thin layers of water confined between graphene, the model of Guinea [F. Guinea, Pressure inside crystalline bubbles confined by graphene, 2016] applies. This models an extended bubble with height much smaller than its width, which is flat in the middle, and has a smooth connection to the underlying substrate of width d. Of course more complex models can be constructed; the best type of mechanical model is probably one based on thin-plate theory (see, e.g., 42 ), but even that has weaknesses, since adhesion is quite a complex phenomenon, as for instance discussed by Sprigman and collaborators. 43 We shall ignore all such complexity, and use the simple model, since here we are more interested in the phase inside the bubble than the exact details of the shape and dynamics of the bubble. Many discussions use "pressure" as the quantity describing the confined phase. This is not correct: it is straightforward to show that the stress in the direction perpendicular to the graphene is very different from that in the two directions parallel to the layers. If we assume a cylindrical bubble, it seems reasonable to assume the in-plane stress is diagonal and equal in both directions, and this may be what other work calls the "pressure". As we shall see the in-plane stresses range from 0.1 GPa upwards, whereas the vertical stress, to be defined below, at the experimental density should be small. Stresses are calculated as the variation of energy with the dimensions of the simulation box, which lacks some of the detailed information that might be of interest, since the horizontal force for a layered system is most likely to be strongest at the height of the confined layer(s), and almost zero near the graphene layers. Nevertheless, with the data available we can construct a crude model of how graphene confines the water. We first ignore the internal elasticity of graphene, and assume the water to be confined inside a pill-box shaped graphene container of radius l, see figure 1. If we assume that the area of bubble is much larger than the graphene spacing, we can determine the equilibrium distance ignoring the sides, by minimizing the potential energy per unit area.
We model this by a total of three 3 − 9 potentials; two representing the interaction between two layers of water (assumed at a distance (d ± d 1 )/2 of each of the two graphene layers) and each of the two graphene layers, and one for the attraction between the two graphene layers at distance d,
Here the water-graphene potential V wg was already introduced above and we denote by V gg (d) the potential energy per unit area for two graphene layers in vacuum at separation d. If we take the GFMC calculations 44 as a benchmark, we find that a reasonable value for V 0,gg = −V one. This also means that this result is essentially independent of the potential model, since it is mainly sensitive to the equilibrium distance and binding energy.
For generality, we shall look at the energy associated with the classical potentials of a bilayer of water, a distance (d ± d 1 )/2 from the graphene layers,
Here
, and l 0 is the length parameter where we have evaluated the water-graphene interaction parameters; since the number of water molecules is fixed, in reality the energy depends on the numbers of water molecules, not on the size of the bubble. The horizontal force exerted by the graphene on the water due to a change in the radius l is thus F = 2πl∆V gg . If the in-plane stress tensor of the water is diagonal with equal magnitude, S x = S y = S, we see that the average force on the rim of the bubble is 2πl ∆d S, which must balance the force exerted by the bubble due to the interactions between the water molecules. Comparing the two expressions for the force, we find the relation
This simply states that the stress of confinement balances the horizontal stress exerted by the confined water. If we use d = 6.4Å, we find ∆V gg ≈ 6 meV/Å 2 which is somewhat dependent on the potential model. This then gives a value for S = S x,y of the order of S = 0.5 GPa, which is rather similar to the numbers found experimentally by Vasu et al., 45 which are maybe a factor of 2 higher. Our estimate could potentially vary by factors of 2 up or down even if we were to know ∆V gg more accurately: As shown by Guinea the elastic energy of graphene tends to increase the force exerted on the water, whereas the expected inhomogeneity of the force exerted by the layer of water tends to induce a stronger curvature of the side of the graphene, thus supporting a lower stress. This analysis is only valid in the absence of vertical stress. It is quite close to the values of If we artificially increase the separation between the layers, i.e., look at the optimal values of d 1 for fixed d, see figure 2 , we find that the potential becomes shallow quite quickly. As we force the graphene layers further apart, there is a sudden transition from a single water layer to a bilayer-for our simple model this bifurcation occurs at d = 7.45 Å.
Since the water itself also exerts a vertical stress, the picture changes: as we increase the density both horizontal and vertical stress will increase, leading either to an increase in radius of the bubble, or an increase in height with the concomitant formation of a bilayer, which may induce some of the snap transitions discussed in the literature. 43 The vertical force exerted by the graphene can be calculated as F = πl 2 ∂ d V gg . If d is almost the equilibrium distance as shown above, this is almost zero, and thus the vertical stress is almost zero as well. When the stress of the water increases, we see that we must move away from this equilibrium. At the same time the reaction force to the confining potential also contributes, and we need to balance stress from the water, the attraction exerted by the water due to confinement, and the graphene-graphene interaction. If we use the potential model sketched above, we find this is mainly sensitive to the harmonic part of the watergraphene potential. If we use the 3 − 9 potentials as above (which leads to too large a curvature of the potential), we find that the graphene layer moves roughly 0.3Å/GPa; this is clearly strongly dependent on the potential model, but suggests that realistic numbers are less than 10 times that value, which is still a small effect, if we realize that stresses are typically less than 1 GPa. Figure 3 : The three positions of a water molecule considered for interactions, when confined between two metallic layers at distance 5Å parallel to the black line, and perpendicular to the paper. The black line gives the mid-point between the layers, and the positions of the atoms are the ones obtained after optimization (most important for case c). We now look at the orientation dependence of the energy of a water molecule between 2 graphene layers, which is an important secondary aspect of the problem. We shall use input from microscopic calculations using water in position c) in figure 3 relative to a single layer of graphene. For the case of a bilayer, it is relatively straightforward to show 33 that the interaction of a point dipole between two graphene layers has a preferential orientation. In the RPA approximation for graphene, if the dipole makes an angle θ with respect to the vertical to the layers, we can find an analytical expression. 33 Using this with d = 5Å, and p = 1.85 D for water, we then find V = −(31 + 51 cos 2 θ ) meV for a metal (ε r = ∞), which gets reduced to V = −(21 + 29 cos 2 θ ) meV for two free-standing graphene layers with the estimate ε r = 5. This is entirely consistent with the variation seen in the microscopic calculations cited above (but there one normally only considers a single layer with the two realizations of case c, with the dipole moment pointing to or away from graphene), suggesting this is a relevant effect.
Orientational order
We have also calculated these numbers for a slightly more realistic description of water, using a slightly augmented version of the approach as used below for ice: we use the EMS method 46 within a DFT calculation using quantum espresso, 47 which makes it possible to add electrostatic boundary conditions and remove the usual 3D periodicity on the direct interactions, to study a single water molecule between two perfectly structureless metallic layers (ε r = ∞) 2 , separated by 5Å to enhance the effect of the boundaries. We compare the energy difference between for same molecule between two metallic layers (ε r = ∞), and two layers of vacuum (ε r = 0) for the three configurations shown in figure 3] , with a structural optimization that keeps the orientation of the water molecule. The interesting aspect is the difference between cases a) and b), which is not analyzed in detail in the microscopic work. As we can see from table 1 we find a substantial effect of about 45 meV, in reasonable agreement with the more accurate calculations above. All of this indicates the effect of the polar interactions; it probably misses some of the additional hydrogenic interactions with graphene seen in the calculations.
Results
We now perform a first principle study of water confined between graphene using density-functional theory (DFT). We immediately need to face two problems: which of the many functionals to choose, and how to model the confinement. Water is a notoriously difficult system to describe using DFT, as reviewed by Gillan et al. 48 All good simulations require van-der-Waals exchange functionals, and for layered systems and water a combination of van-der-Waals exchange with optimized exchange potentials appears to be important. For that reason, and the fact that our simulations are performed with quantum espresso, 47 we shall compare results using two functionals, Table 2 : Energy per molecule, compared to the lowest energy solution for those configurations within 50 meV of the ground state. The accuracy of the energies is about 1 meV, for the stresses about 0.02 GPa. We compare three values of the confinement width (modeled by using a 3-9 potential with appropriate strength). vdW-DF [49] [50] [51] [52] and compare to numbers from vdW-DF-ob86. 53 In each case confinement is implemented as an external 3-9 potential acting on the O nuclei. Its effect is actually surprisingly small on the structures-but of course that may be different for their stability. The most important difference between our work and previous work that looked at the faces of confined water is that we work at constant density, and minimize the energy with respect to the shape of the unit cell, rather than an artificially designed 2D enthalpy. As other calculations, we work at zero temperature.
We have used a structure search which, rather than completely random, is based on the configurations found in the literature 3 . These correspond to states with all the oxygen atoms in a single plane, or ones where the oxygen atoms form a slightly corrugate plane. Additional detail can be found in the supplementary material. Considering the potential orientational energy gains, one must consider all configurations where the energy per molecule is less than 50 meV, and then weigh which ones may be favored. We use results from the literature 14, 36 to select potentially appropriate candidates, 4 and then minimize the energy of such states, first with respect to position in the unit cell, and then with respect to the shape of the unit cell, keeping the density fixed. Stable minimum energy solutions for any given density then have isotropic 2D stress. Labeling of the We show some of the key configurations in figure 4 , where we selected the strong confining potential; the main visual difference for weaker confinement is a further separation of the "square" configurations in a bilayer like structure. The lowest energy states (for this confinement) both have a rhombic unit cell-in this case it looks like there is a perfect equilateral triangular crystal, but with rather different dipole orientations. The real surprise is the perfectly square crystal state, which seem relatively insensitive to the detail of the confining potential.
The water molecules experience very little confinement in the lowest energy solutions, and the vertical stresses (indicative of how hard the water pushes on the graphene, separating the layers)
are small, as can be seen from Table 2 . In that table, we label the states with the initial seeding configuration-which in some cases is close to the final result. This is the case where we want to concentrate most clearly on the effect of the confining potential. All of these are single layers, with some corrugation, but even for a weak confining potential we find that all oxygens are located very close to d/2. We can thus investigate the effect of moderate changes in the confining potential by just look at the harmonic potential dependence around the midpoint, E = αδ r 2 . We take the value obtained from the 3 − 9 potential (α = 350meV/Å 2 ), which is probably unrealistically steep about the minimum due to the very strong repulsive core, as an upper estimate. We will use α = 50, 200 and 350meV/Å 2 to investigate this dependence.
As we can see in table 2, the ordering of the states and the stresses are rather sensitive to the choice of this parameter. For the strongest confinement, we find that those configurations relaxed from a slightly out of plane rhombic unit cell give by far the lowest energies, but in some cases with substantial vertical stresses. As we decrease the confinement, the vertical stress gets larger, corresponding to a tendency towards forming bilayers, and for the lowest harmonic strength we find a tendency to form bilayers-which prefer a slightly higher density inside each layer, thus leading to negative stress. For the flatter honeycomb based states the trend is that we need a slightly larger horizontal stress to confine the water, maybe slightly closer to what we expect the stress to be, vertical stresses are negligible. As we decrease the confinement, some of these states also start forming bilayers. As we decrease the confinement, the only really square configuration we have found, the anti-ferroelectric states with the dipoles are perpendicular to the graphene, becomes the lowest energy stable state, thus giving at least a natural candidate for a real square crystal.
Finally, we look at the orientation dependent potential Eq. (??). For this case find that the solutions that tend to form a bilayer now have substantial vertical stresses, and are thus probably unstable against an increase in separation of the graphene layers, see Finally, we still need to consider whether the use of a different van-der-Waals exchange functional might change the results. We have repeated the calculation for the modified DFT function vdW-DF-ob86, and find that energy shifts by a few meV. Such changes are small compared to the uncertainties in the nature of the confinement, and can thus be safely ignored for now.
Conclusions
We have analyzed some of the effect of confinement on the phases of 2D water. We find that there is a great sensitivity to the nature of the confining potential, but we also see a perfectly good candidate for the observed square crystal. Clearly it is of crucial importance to understand the nature of the confinement experienced of water. It is important in water flow experiments, 54 and when using graphene anvils. 45 . The next stage of this work will be to get a better understanding of the water graphene interactions from a combination of macroscopic and microscopic methods.
methods
Computational Technology All DFT calculation were performed using the Quantum Espresso code, 47 version 5.1.2, with modifications to account for the confining potentials. The geometry optimizations were all performed using the vdW-DF exchange functional, [49] [50] [51] [52] with Perdew-BurkeErnzerhof (PBE) pseudo potentials. The kinetic energy cutoff was chosen to be 450 eV.
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